Abstract-The costs of offshore maintenance operations put high reliability-requirements on offshore equipment for ocean energy, especially on submerged ones. Thermal management is thus essential in the design of the prototypes of a marine substation, developed at Uppsala University, for grid interface of wave power parks. The cooling system itself should be efficient as well as reliable. Therefore, the feasibility of a completely passive cooling strategy was evaluated. The studied substation includes various power components, which dissipate heat and are installed in one pressurized vessel. Thermal cross-coupling was investigated with 3-D submodels and a thermal network model. An electric circuit was coupled to determine the rated power of the substation. The results depend mainly on the dc-voltage, the seawater temperature, and the thermal contact between the components and the hull.
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NOMENCLATURE α

Thermal diffusivity (m 2 /s). β
Volumetric thermal expansion coefficient (1/K).
ΔT
Temperature elevation (T − T ∞ ) (K). Amplitude modulation index-inverter (-) . N u Nusselt number (-). P losses Power losses (W).
P in
Total incoming power (W). P M Rated power-transformer (W).
P r Prandtl number (-).
Ra
Rayleigh number (-).
R i
Absolute thermal resistances (K/W).
R ijs
Junction-to-sink thermal resistances (K/W).
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I. INTRODUCTION
W
AVE power is still a relatively immature sector but can be regarded to a large extent as sustainable. Ocean waves are an intermittent source of energy, but it is fairly well predictable when compared to wind power for instance. The global potential for wave power has been assessed in many studies. For example, it was estimated as 1 TW in [1] . This would correspond to a total electricity production of about 2000 TWh/year [2] . As of today, there exists a myriad of different technologies tested in many different countries. A review of different types of WECs can be found in [3] - [5] .
The concept developed at Uppsala University for power generation from ocean wave energy includes a submerged substation. It is used to connect the generators to a common point offshore and to convert and transfer the produced electricity further to the grid onshore [6] . The advantages of placing the substation at the seabed are a better protection from the harsh environment at the surface and easier cable connections [7] .
Two prototypes have been built in Uppsala and tested at the Lysekil test site (west coast of Sweden) [8] , [9] . The second prototype can connect up to seven WECs. In a larger wave power parks, several of these low-voltage marine substations will be connected to a substation including a step-up transformer.
Due to the high costs related to complicated maintenance operations on such a subsea device, reliability was a key issue in the design of these prototypes. To reach a high level of reliability, the cooling strategy was entirely passive-it involves no mechanical parts such as fans, which would add risk of failure. The heat produced by electrical losses has to be transferred to the surrounding seawater, whereas the components are placed inside the pressure hull. The first action that was taken to ensure sufficient cooling was to mount some components on curved aluminum heatsinks, which are directly installed on the inner side of the hull (see Fig. 1 ). Proper cooling management is a key aspect in the design of a subsea substation. Indeed, excess of heat can cause immediate damages of the components.
In the wave power field, only few thermal studies have been published and they focus mainly on the power take-off system Fig. 1 . Second prototype of substation developed at Uppsala University. The picture above shows from beneath the components installed inside the substation. The picture below shows from outside the hull of the substation. The hull is made of 8-mm-thick steel. Temperature-sensitive components are mounted on curved aluminium plates placed on the inner side of the hull to achieve good thermal contact.
[10], [11] . In most of the cases, the temperature was only measured [12] and no thermal modelling was performed at the design stage.
For thermal management, several approaches are possible, such as analytic-lumped parameter models, finite-element method for temperature modeling inside the material, or CFD modeling. These methods can be complementary and are often combined, lumped parameter model being much more simple and less computationally consuming, whereas full 3-D modeling can be more accurate [13] , [14] . From a thermal design point of view, the studied substation is a system including various thermally coupled components such as power electronics, capacitors, and transformers, placed in a sealed enclosure passively cooled by natural convection in fluid. A combined CFD-thermal network model is presented in this paper.
The power electronic modules and the capacitors are the components that are commonly considered to be the most vulnerable links [15] . This is particularly true with respect to thermal issues [16] , [17] . Moreover, most of the heat is dissipated in the transformers. Therefore, these components were selected as the focus of this study. 
II. METHOD
In the initial stage of the design, thermal management was limited to idea of a special curved heat-sink. Comprehensive modeling was started afterward and are intending to evaluate the current thermal design, in order to identify possible improvements for future prototypes.
Conduction and convection were the dominating heat transfer modes in the studied case. Radiation could be neglected due to relatively low temperature. Buoyancy-driven convective heat transfers are the limiting phenomena regarding the dissipation of heat from various components to the surrounding seawater. When considering only the possible immediate damage of excessive temperature, steady state (i.e., for the electrical power) was regarded as the worst-case scenario, as higher dissipated power may be handled by the device under limited period of time due to thermal inertia.
As described in Fig. 2 , the overall approach to treat the problem includes three-dimensional (3-D) CFD submodels at the component level and coupled thermal-electric circuit models of the substation. CFD modeling was performed only for components separately in order to reduce computational costs to allow optimization work and in order to couple the thermal study with an electric model. The electric properties of the components are dependent on the temperatures, which rise in their turn due to power losses. Therefore, the coupled model requires an iterative approach, which implies to keep CPU time reasonable for the loop.
The temperature of the surrounding seawater (i.e., the ambient temperature) and the incoming power from the WECs are input parameters of the model. The value of the incoming power is progressively increased until some of the temperatures reach their critical value, for which the component will be damaged. Like this, a maximum value for the transmitted power could be determined.
A. Electric Model
In the substation, the output from each single generator is rectified, connected to a common dc-bus with capacitor banks, inverted, transformed, and filtered, as shown in Fig. 3 . The The coupling between the electrical and the thermal models makes possible to study different control strategies, such as different dc-voltages. The dc-voltage is indeed an important parameter for the control strategy [18] . Calculations were performed for varying incoming power from the WECs, corresponding to different sea-states.
The electric circuit shown in Fig. 3 was modeled using the open-source software Scilab. 1 The voltage from the WEC is varying in amplitude and frequency. Both are correleted to the speed of the translator inside the WEC. The WEC was, therefore, modeled using (1). The wave period T , the wave height h w , and the pole width h p were set as 6 s, 1.5 m, and 5 cm, respectively. The amplitudeV was an input parameter for the electrical model, as well as the temperatures
where ω is defined as 2π/T w . The transformers are Y-Y connected and the secondary side has a fixed voltage of 1 kV, as it is connected to the grid. On the primary side, three different taps are available corresponding to different voltage levels on the dc bus. At the inverters, the amplitude modulation index m a and the phase angle θ are controlled to keep the dc-voltage constant and close to a predefined value and to control the reactive power fed into the grid.
B. Evaluation of Losses
The values of interest in the electric model are the power losses in each component. These losses will be dissipated in form of heat.
1) Rectifiers:
In the passive diode bridges, the losses are due to the voltage drop over the diodes and were evaluated using the data from the manufacturer. 2 These losses are dependent on the junction temperature and the forward current. 
2) Capacitor Banks:
The capacitor banks were constituted by 40 electrolytic capacitors 3 for a total capacitance of 170 mF. The losses were evaluated based on the equivalent serial resistance from the manufacturer.
3) Inverters: The inverters are constituted by three dualpackage IGBT modules. These IGBTs are controlled by sinusoidal pulsed width modulation (SPWM). Losses in an IGBT are of two types: 1) conduction losses and 2) switching losses. Both types of losses depend mainly on the voltage V dc , the forward current, and the junction temperature. These losses can be estimated from the technical datasheet provided by the manufacturer. 4 Both types of losses were included in this study. The switching losses depend also on the switching frequency, which is set to 5 kHz.
4) Transformers:
The two transformers are rated for 80 kVA at 40
• C ambient. In the current design of the substation prototype, the losses in the transformer are relatively high because the inverters are directly connected to the transformers [19] . However, this is a rather uncommon topology. These losses can be significantly reduced in the future designs either using transformers with thinner laminated sheets in the core or by placing filters before the transformers. Therefore, this effect was not taken into account here and the losses were evaluated in this study using the no-load and short-circuit data provided by the manufacturer.
5) Other Components:
Other components are liable to dissipate heat, such as the control and measurement system or the LCL-filters. Only the first one was included in this study with a constant dissipated power of 60 W.
C. CFD Simulations
Convective heat transfer takes place in very thin boundary layers at the fluid/solid interfaces. A full CFD model of the substation would have required a very fine mesh as well as a large domain and therefore would imply high computational costs. For this reason, CFD modeling was performed only on single components. For each component modeled separately, the temperature inside the substation and the dissipated heat were set as external parameters.
CFD modeling was performed using a commercial software, Comsol multiphysics. 5 The meshes were constituted by five to ten boundary layers in the fluid domains. The results were shown to be mesh-independent.
For all simulations but for the transformers, the top boundary was open with a pressure constraint and no viscous stress (see Figs. 4 and 5) . The lower boundary was open with a temperature constraint (T = T ∞ on the seawater side and T = T ∞ + ΔT on the gas side), except for the transformers and the outside of the hull (see Fig. 4 ). For the latter, a no-slip wall boundary condition ( − → u = 0) was set at the bottom and the vertical boundaries were open with a temperature constraint T = T ∞ (see Fig. 6 ). In order to help convergence for the iterative calculation, slip wall boundary conditions ( − → n · − → u = 0) were implemented at the vertical boundaries around the fluid domains, as shown in Fig. 4 . As an example, the details of the analysis conducted for the inverter can be found in [20] .
In order to achieve the best possible thermal contact between the curved heatsinks and the inner face of the hull, thermal grease was used. However, the performance of this grease is difficult to predict [21] and remains to be estimated in this new context, especially in the long term. For this reason, two sets of calculations was performed. in the first set of calculations, this thermal contact was assumed to be perfect (i.e., ideal case). In the second with a thin airgap of one-tenth of a millimeter (i.e., worst case) was implemented between the hull and the heatsink in submodels 2, 3, and 4 (see Fig. 4 ).
For the transformers, the complete gas domain was modeled and a wall no-slip boundary condition was set together with a convective cooling condition (see Fig. 6 ). The bottom boundary was considered as adiabatic. For this calculation, only the transformers were included as heat sources. Only the shadowing effect of the rest of the components on the hull was taken into account.
In all simulations inside the substation, boundary heat sources were implemented with the dissipated powers P i . In the simulation outside of the substation, a stratified temperature condition was set on the inner side of the hull.
Symmetries in the submodels were used when possible to limit the calculation time. The seawater-flow outside the hull was modeled as 2-D-axisymmetric. The capacitor banks and the diode bridges were modeled with a vertical symmetry plane in middle. The temperature of the surrounding seawater T ∞ was set to 10
• C, when not otherwise stated.
D. Thermal Circuit Model
The results from the CFD calculations performed at the component level were later used to build a thermal network for the whole substation, as shown in Fig. 7 . The values of the thermal resistances were extracted from the CFD results according to (2) and (3). The maximum temperature elevation in the heatsink was used in (2), since the condition for safe use of the components is that all of them should be below the temperature limit. P ia and P ib are postprocessed values. These values fulfilled the condition of conservation of heat (P diodes = P 2a + P 2b ; P IGBT = P 3a + P 3b ; and P dc−bus = P 4a + P 4b )
The thermal resistances R ia account for the convective heat transfers between the components and the surrounding seawater. R ib corresponds to the convective heat transfers between the components and the gas inside the substation. R 1 accounts for the convective heat transfers on both side of the hull (i.e., between the gas and the seawater). The gas inside the Fig. 7 . Lumped parameter circuit for the substation. P i are the dissipated powers from the electrical components (from the coupled electric model). R 1−4 are thermal resistances at fluid/solid interfaces (from CFD models). R 2js and R 3js are junction-to-sink resistances given by the manufacturers, which are equal to 0.14 and 0.145 K/W, respectively. substation is dry nitrogen, used in order to prevent condensation and fire. The value for these convective resistances varies slightly with the heat flux. Therefore, they were considered as adjustable resistances (see Fig. 7 ) whose values were updated at each iteration (see Fig. 2 ).
E. Analytic Method
In case of natural convection, the Rayleigh number R a [see (4) ] is used, e.g., to determine whether the flow is laminar or turbulent. Widely accepted empirical correlations, as presented in (5) for a vertical heated plate, can also be used to estimate the Nusselt numbers [22] . This correlation has a wide range of validity
As it was performed in [20] , the Nusselt number was then used to estimate the convective heat transfer coefficient h according to (6) . These equations were used to validate the value of the thermal resistances extracted from the results of the CFD calculations Fig. 8 shows the results obtained with the model described in Section III-A. In this figure, it can been seen that the control strategy implemented in the model was successful in keeping the dc-voltage stable and the reactive power low.
III. RESULTS AND DISCUSSION
A. Electric Model
For experimental validation of the electrical model, the results were compared to those found in [23] . At a total power of 10 kW per parallel system (i.e., P in = 20 kW), the efficiency was 92%-93%, which is in good agreement with the experimental tests. As shown in [23] , the results presented here showed an increased efficiency for higher dc-voltages. The present electric model showed an overall efficiency for the substation reaching between 96% and 98% at rated power.
For a low dc-voltage, the most heat is dissipated in the semiconductor modules (see Fig. 9 ). Indeed, for low values of V dc , the voltage drop over the diodes and over the IGBTs becomes relatively higher (i.e., increased conduction losses). The currents become higher for lower voltages (for a given incoming power). However, one should keep in mind that lower V dc allows to absorb more power for a given sea-state.
The power losses were very low in the capacitor banks and do appear in Fig. 9 , because they represent less than 0.1% of the total power losses. The temperature at the capacitors remains far below the value given by the manufacturer for which the lifetime would be reduced.
B. CFD Submodels
Figs. 10-14 show the convective flows at different components. These flows were modeled in the gas inside the substation ( Figs. 11-14) and/or in the surrounding seawater (Figs. 10 and  12-14) .
The temperature at the transformers is relatively high (see Fig. 11 ) and all the heat dissipated by these components is transferred through the gas inside the substation. The transformers could be placed in oil to achieve a more efficient cooling with seawater. It is indeed a common cooling strategy for power transformers. Alternatively, the transformers could be placed in a separate vessel.
As shown in Figs. 12-14 , the temperature elevation is limited to the small area around the components mounted on the curved heatsink, which is explained by the good cooling capacity from the surrounding water. These results indicated that the curved heatsink efficiently lead the main part of the dissipated heat directly to the surrounding seawater. In Figs. 11-14 , it can be noticed that the temperature is higher for the elements (transformer, semiconductor module, or capacitor) situated at higher positions compared to the ones situated at lower positions. The convective cross-coupling between the elements explains this difference. In fact, the elements are currently placed with an uniform spacing, which is not optimal to achieve the best thermal performances. As suggested in [24] and [25] , the lower elements should be placed more densely, whereas the spacing should be increased for the higher positions. Alternatively, this cross-coupling could be reduced by aligning the elements horizontally. For the extraction of thermal resistance values, the maximum temperature among all the modules was used, as we want to determine the maximum allowed value of the power.
The lower part of the capacitors is covered by a steel plate, which is in contact with the heatsink (see Fig. 1 ). This is made in order to enhance the cooling on the side of the capacitors. The regions of strong gradient, which can be seen in Fig. 13 , correspond to the limit of this plate.
In Figs. 12-14 , the convection is conjugated with conduction. This conductive coupling explains why the temperature is also higher at the modules or capacitors close to the center of the main components. Table I shows the maximum Rayleigh number Ra for the different simulations. All simulations were made using laminar model, except from the outside of the hull (Spalart-Allmaras model). The transition from laminar to turbulent flow was assumed to occur downstream of the warmest area where most of the heat is exchanged. The value of the thermal resistances extracted from the results of CFD submodels are presented in Table II and were used in the thermal network model. The ranges shown correspond to different qualities of thermal contact between the heatsinks and the hull and to different V dc . These results were partially validated by comparing with the values given by empirical correlations (see Section II-E). The difference is explained by the fact that the correlation does not account for the complexity of the geometry (in particular for R 4b ) and for the nonuniform temperature field.
Figs. 10 and 11 show CFD models that were used to determine the value of the thermal resistance R 1 . Results presented in Figs. 12-14 were used to determine the values of the thermal resistances R 2a and R 2b , R 3a and R 3b , and R 4a and R 4b , respectively.
C. Thermal Model
The temperature of the gas inside the substation was between 30 and 50
• C for all calculations. These values are close to the temperature for which the transformers are rated. Fig. 15 shows the normalized junction temperature in the semiconductor modules as a function of the normalized power at the transformers. This temperature decreases when V dc increases. The largest drop is between the first and the second levels of V dc . The junction temperature remains below its critical value in all cases, except in the IGBT modules for the lowest V dc . This means that the transformers reach their rated power before the other components and that the transformers are the critical components for V dc = 295 V and V dc = 515 V. For the lowest value of V dc , the inverters are the critical components and it is, therefore, suggested that these components could placed at a lower position in the future designs of substation. The spacing could also be increased in these components. As expected, the results shown in Fig. 16 (with an airgap) are higher than with a perfect thermal contact.
The diode bridges appear to be working in a safe range in this study and the junction temperature remains below its maximum accepted value (see Figs. 15 and 16) .
The estimated maximum power is finally presented in Fig. 17 . The rated power was between 110 and 170 kW. The influence of the surrounding seawater temperature was also studied. An increase in T ∞ causes a reduction of the rated power. The difference between the two highest values of V dc is very small and the poor thermal contact between the heatsink and the hull (airgap) almost does not affect the results in these two cases. For the lowest value of V dc , the rated power is lower and decreases significantly in case of an airgap, because the critical components were the inverters.
The electrical components used in this substation are subject to important and rapid power fluctuations. Repeated temperature variations could reduce the lifetime of the components. However, as it was mentioned earlier, the present study considers steady state. Under real working conditions, the rectifiers face very fluctuating incoming power, which can induce temperature cycling, and can reduce the lifetime [26] . This issue will be addressed in future work as time-dependent study will be conducted.
The limit considered in this study only accounts for the risk of immediate damage to components in case of excessive temperature. However, high temperature can also cause a significant reduction in the components' lifetime [27] , [28] . This aspect of thermal management will be treated in future work after sufficiently long offshore operations. In a long-term perspective, an other significant phenomena is the growth of marine life. Biofouling may cause a significant reduction in the heat transfer capacity between the hull and the surrounding seawater. This problem will be addressed using an empiricial approach based on future observations.
IV. CONCLUSION
The results indicated that the chosen cooling strategy was relevant for the diode rectifiers as well as for the capacitors banks. In fact, these two key components could probably handle higher thermal stress and are, in this sense, over-dimensioned. The inverters and the transformers were identified as the critical components.
The dc-voltage was shown to have a great influence over the repartition of the power losses. For low V dc , the total maximum output power of the substation was limited to about 150 kW due to excessive temperature in the IGBT modules, whereas this limit was estimated to be around 160 kW for higher V dc . In the second case, the limiting factor was the transformers. The results were also influenced by the temperature of the surrounding seawater and by the quality of the thermal contact between the heatsinks and the hull.
Based on these observations, some suggestions were made to improve future designs of submerged substation.
1) Install the transformers in a separate vessel to increase the rated power at higher dc-voltage. 2) Increase the spacing between IGBT modules and place the inverters at a lower position inside the substation to increase the rated power at lower dc-voltage. 3) A special care should be put on the quality of the thermal contact between the heatsink of the inverters and the hull. 4) Aluminum might not be necessary for the heatsink of the diodes and the capacitors. Steel could be used instead to reduce construction costs without any alteration of the capacity.
